Valley, as a new degree of freedom for electrons, has drawn considerable attention due to its significant potential for encoding and storing information. Lifting the energy degeneracy to achieve valley polarization is necessary for realizing valleytronic devices. Here, on the basis of first-principles calculations, we show that single-layer FeCl2 exhibits a large spontaneous valley polarization (~101 meV) arising from the broken time-reversal symmetry and spin-orbital coupling, which can be continuously tuned by varying the direction of magnetic crystalline. By employing the perturbation theory, the underlying physical mechanism is unveiled. Moreover, the coupling between valley degree of freedom and ferromagnetic order could generate a spin-and valley-polarized anomalous Hall current in the presence of the in-plane electric field, facilitating its experimental exploration and practical applications.
Introduction
In analogy to charge for electronics and spin for spintronics, utilizing valley degree of freedom to encode and process information is characterized as valleytronics, which is an important hotspot for developing next-generation minimized devices. [1] [2] [3] The valley refers to a local energy minimum (maximum) in conduction (valence) band at the K and K' points, which is robust against phonon and impurity scatterings due to the large separation in the momentum space. The exploration for valleytronic materials has been restricted until the recent emergency of two-dimensional (2D) systems with a hexagonal lattice. The first proposal for realizing 2D valleytronics is reported in graphene, 4, 5 however, the inversion symmetry and weak spin-orbit coupling (SOC) result in degenerated character at its six valleys, limiting its valleytronic applications.
Subsequently, single-layer (SL) transitional metal dichalcogenides (TMDs) are identified to harbor the valley physics, [6] [7] [8] [9] [10] which arises from the broken inversion symmetry combined with strong SOC originated from the d orbitals of the metal atoms. The interesting coupled spin and valley physics make SL TMDs as the most competitive candidates to be applied in valleytronic devices. Besides these two typical systems, many other SL structures are proposed to exhibit the valley physics, such as two-dimensional Tl/SiC and Tl2O. [11] [12] [13] Currently, the major challenge in 2D valleytronics is to break the degeneracy between the valleys, thus producing the valley polarization, which is indispensable for valleytronic applications. Although under circularly polarized light irradiation, the valley polarization is already experimentally achieved in SL MoS2, 1 the complicated tuning equipment and short luminescence lifetime make it a challenging task in practical applications. An alternative way to reach the valley polarization is to break time reversal symmetry, [14] [15] [16] [17] [18] [19] [20] [21] [22] namely introducing ferromagnetism. When extra electrons/holes are introduced in such system, the Fermi level can be shifted between the K and K' valleys, thus achieving inequivalent carrier occupation in K and -K valleys. Actually, several approaches have been proposed, including magnetic proximity effect and magnetic doping. However, these external methods suffer from many drawbacks. For example, for the magnetic proximity effect caused by ferromagnetic substrates, 16, 17 it usually deforms the host band structures and, in turn, degrades the valleytronic performances. While for magnetic doping, the doped atoms are easy to assemble into clusters, which will scatter the carriers, thus being unfavorable for valleytronics. To solve these problems, spontaneous valley polarization is recently proposed, which have been reported in MnPSe3 and VSe2. [23] [24] [25] In these systems, the valley polarization is produced by the intrinsic ferromagnetism, without needing any external tuning. Though highly valuable, the spontaneous valley polarization reported in these systems are rather small, greatly hindering their applications. Except these two systems, no other systems are reported to exhibit the spontaneous valley polarization, largely due to the fact that 2D ferromagnetic semiconductor is rare itself. Therefore, searching for 2D ferromagnetic semiconductors with spontaneous valley polarization is still highly desirable.
Since 1950s, bulk FeCl2 has been synthesized and it has been demonstrated to be antiferromagnets, in which the interlayer metal ions favor antiferromagnetic orderings, while intralayer metals ions favor ferromagnetic orderings. 26 Recently, SL FeCl2 has been identified to be a ferromagnetic half-metal with 1T phase and a ferromagnetic semiconductor with 2H phase. And the formation energy of SL 1T-FeCl2 is about 0.05 eV/atom lower than that of SL 2H-FeCl2. [27] [28] [29] Although the SL 1T-FeCl2 is found to be more stable, the stability of 2H-FeCl2 has been confirmed as well, indicating its feasible in future experiments. 30, 31 Here, we propose a novel 2D valleytronic material with spontaneous valley polarization in SL FeCl2 based on first-principles calculations. It is found that SL FeCl2 is a ferromagnetic semiconductor with a direct band gap locating at the K valleys. The Fe 2+ ions in SL FeCl2 favors a high-spin configuration, which leads to a large magnetic moment of 4 B on each Fe atom. The magnetocrystalline anisotropy energy (MAE) is estimated to be 0.21 meV per atom, indicating the magnetization orientation is perpendicular to the 2D plane. More importantly, without any external tuning, a large spontaneous valley polarization of~101 meV at the K and K' valleys is obtained in SL FeCl2, arising from the coexistence of strong SOC and exchange interaction of localized d electrons of Fe atoms. The Berry curvature with opposite signs at the K and K' valleys will lead to the observation of anomalous valley Hall effect in SL FeCl2. Additionally, the valley polarization can be continuously tuned by changing the magnetized direction. When the magnetized direction is reversed from upward to downward, the valley at K and K' points will be flipped.
Methods
All calculations are performed based on density functional theory implemented in the Vienna ab initio simulation package (VASP). 32 The cutoff energy is set to 500 eV for plane-wave expansion. The Brillouin zone (BZ) is meshed by a 13×13×1
Monkhorst-Pack grid. To avoid the interaction between adjacent layers, a vacuum space of about 18 Å normal to 2D plane is applied. The exchange and correlation function is treated by the generalized gradient approximation (GGA) in form of Perdew-Burke-Ernzerhof (PBE) functional. 33 The projected argument wave (PAW) potential was used to describe the ion-electron potential. 34 The HSE06 functional is employed to obtain the accurate band structures. 35 Spin polarization and SOC are included by noncollinear calculations. The convergence accuracy of total energy and Hellmann-Feynman force are respectively set as 10 -5 eV and 0.01 eV/Å. The MAE is defined as MAE = (E100-E001)/n, of which E100 and E001 represent the total energies with magnetocrystalline directions along in-plane and out-of-plane directions, respectively, and n is the number of atoms. The phonon spectrum is obtained by using a 5×5×1 supercell based on density functional perturbation theory (DFPT) method. 36 For Berry curvature of SL FeCl2, the maximally localized Wannier function method implemented in WANNIER90 package is employed, 37 and p orbitals of Cl and d orbitals of Fe are chosen as projected orbitals.
Results and Discussion
The crystal structure of SL H-FeCl2 is presented in Figure 1(a) . We can see that one Fe atomic layer is sandwiched between two Cl atomic layers and each Fe atom is coordinated by six Cl atoms, forming a hexagonal lattice with the space group D3h.
Therefore, the inversion symmetry of SL FeCl2 is broken, which is essential to realize the valley polarization. The calculated lattice constant is 3.36 Å and the bond length of Cl-Fe is 2.47 Å. To characterize the bonding character in SL FeCl2, we plot its electron localization function (ELF) in Figure 1(b) . Clearly, the electrons are mainly localized around the Fe and Cl atoms, suggesting a typical ionic bonding between Fe and Cl. We then examine its stability by performing phonon calculations. As shown in Our electronic calculations show that SL FeCl2 is spin polarized, and each unit cell holds a total magnetic moment of 4 B. Moreover, the orbit moment on each Fe atom is found to be 0.01 B. To explore the origin of the magnetic moment, we plot the spin polarized charge density of SL FeCl2 in Figure 2(a) . We can see that the magnetic moment is mainly carried by Fe atoms. It should be noted that the existence of magnetic moments does not guarantee the formation of magnetic coupling between them. To that end, we construct a 2×2 supercell with four Fe atoms to investigate its magnetic ground state. We consider two magnetic configurations, namely, FM Therefore, SL FeCl2 is a ferromagnetic material. Besides, We employ the mean-field theory 38, 39 KBTc= (2/3)E to estimate the Curie temperature (Tc) of SL 2H-FeCl2, KB is the Boltzmann constant, E is the quarter of energy difference between ferromagnetic and antiferromagnetic configurations in a 2× 2 supercell. The Tc for SL 2H-FeCl2 is found to be about 96 K.
To deeply understand the magnetic properties of SL FeCl2, we analyze the splitting of d orbitals of Fe atom. As mentioned above, each Fe atom is coordinated with six Cl atoms, forming a trigonal prismatic structure. Under such a crystal field, 7 the five d orbitals of Fe atom split into three groups: A1 (dz 2 ), E1 (dxy, dx 2 -y 2 ) and E2 (dxz, dyz). Due to that the d electrons in Fe 2+ -based systems generally favor the high-spin configuration, the unpaired electrons with the same spin direction are assigned to maximum numbers. Considering that the electron configuration of Fe 2+ is d 6 , the A1 orbital is fully occupied by two electrons with opposite spins, E1 (E2) orbitals are half-filled by two spin-up electrons. When further including the influence of magnetic exchange field, the orbitals further split into spin-up and spin-down groups, as shown in Figure 2(d) . This leads to a magnetic moment of 4 B on each Fe atom. These results are in consistent with the DOS shown in Figure 2(e) . Moreover, we find that the optimized Fe-Cl-Fe angle is 87•, which is near the ideal 90 • . According to the Goodenough-Kanamori rules, [40] [41] [42] Having estimated the magnetic behaviors of SL FeCl2, we then explore its electronic properties. The band structure and density of states of SL FeCl2 without considering SOC is shown in Figure 3(a) , from which we can see that it is a ferromagnetic semiconductor. Another interesting point we can see from Figure 3(a) is that the valance band maximum (VBM) and conduction band minimum (CBM) of SL FeCl2 locate at the K and K' points, forming two valleys. SL FeCl2 thus is a promising 2D valleytronic semiconductor. Upon switching on SOC, interestingly, the energetic degeneracy between the K and K' valleys are lifted, giving rise to a valley polarization in SL FeCl2. It is worth noting that the valley polarization is different from most of previous proposals where the polarization is induced by external approaches, i.e., dopants, magnetic substrates and chirality-dependent lights. Here, the valley polarization occurs spontaneously, without needing any external modulation.
We define intensity of valley polarization as E= EK-EK ' . Remarkably, the spontaneous valley polarization in the conduction bands of SL FeCl2 is as large as 101 meV (Figure S1 and Figure 3(b) ), which can resist the annihilation of valley polarization caused by kinetic energy at room temperature, being essential to practical applications in valleytronics. Different from the case of conduction band, the valley polarization in the valence bands is rather small, which is only 4 meV. It is interesting to note that the occurrence of valley polarization in SL FeCl2 does not guarantee the valley polarization in its bulk form, which sensitively depends on the stacking pattern and magnetic coupling type. We then explore the discrepancy between the valley polarizations of the conduction and valance bands. As shown in Figure S2 , the CBM and VBM of SL 
Accordingly, we can understand why significantly valley polarization occurs at CBM, while the degeneracy between the K and K' valleys of VBM is almost preserved, as
for the values of 4 meV. It should be noted that in this simple model for VBM, we only consider the dz2 orbital for approximation. In fact, VBM is also contributed slightly from dxy and dx2-y2 orbitals, which results in that the K and K' valleys in VBM would not be strictly degenerate. Figure 4(a) and (b) FeCl2 is reversed with opposite magnetic moment, the valley polarization will also be reversed [Figure 3(d) ] and then the corresponding values of the Berry curvatures at the K and K' valleys will be exchanged. However, the sign of the Berry curvature remains to be the same.
Under such condition, the valley Hall effect can be expected in SL FeCl2. As shown in Figure 4(c) , when shifting the Fermi level between the K and K' valleys, the spin-down electrons at K' valley will accumulate on the right side in the presence of an in-plane electric field. And when SL FeCl2 is magnetized with opposite magnetic moment, the spin-up electrons at K valley will gain opposite transverse velocities, shifting towards left side of the sample, which is attributed to its opposite Berry curvature; see Figure 4(d) . In either of these two scenarios, the electric potential difference between the two sides of the sample is generated, which can be detected as a Hall voltage. To facilitate the experimental exploration, we calculate the anomalous Hall conductivity σxy of SL FeCl2 by integrating the Berry curvature over the 2D Brillouin zone. As shown in Figure S3 , when the Fermi level is shifted to between the CBM of the K and K' valleys, as marked by the dashed lines in Figure   S3 , a fully spin-and valley-polarized Hall conductivity will be generated. Meanwhile, the valley selectivity can be manipulated in SL FeCl2 under the light irradiation. see the bottom panel in Figure 4(c) . And similar phenomenon is expected when SL FeCl2 is magnetized opposite [Figure 4(d) ]. These thus lead to measurable Hall current identified with valley, spin and charges, which is attractive for applications in spintronic devices.
Considering the fact that electronic properties of 2D materials are susceptible to strain, [46] [47] [48] one may wonder if the external strain could influence the valley polarization of SL FeCl2. We thus exert -4%-4% biaxial strain to SL FeCl2 to address this concern. Here, we define the strain as 0 a a a    , where a and a0 are the lattice constants of the strained and unstrained SL FeCl2, respectively. From Figure S4 , we can clearly see that the significant valley polarization is preserved, with the values of E being in the range of 100 meV and 105 meV. Therefore, the valley polarization in SL FeCl2 is robust against the strain, which is favorable for practical valleytronic applications.
Another interesting point we wish to address is the MAE of SL FeCl2. As we mentioned above, SL FeCl2 exhibit a weak MAE of~0.21 meV per atom. This value, however, is comparable with that of SL CrI3. As the suppression of spin fluctuations in SL CrI3 has been demonstrated in experiment, 49, 50 we believe that the spin fluctuation in SL FeCl2 can also be suppressed. As shown in Figure S5 and S6, the valley polarization is sensitive to the magnetocrystalline direction in SL FeCl2, which renders the conversion of valley polarization between K and K' valleys possible.
Interestingly, when the magnetocrystalline direction is along the in-plane (), the 
Conclusion
In summary, we propose a novel 2D ferromagnetic semiconductor, SL FeCl2, with a direct band gap of 2.7 eV. The Fe 2+ ions in SL FeCl2 favors a high-spin configuration, resulting in a large spin-polarization with a magnetic moment of 4 B per unit cell.
Moreover, SL FeCl2 is identified to be a 2D valleytronic material. Different form previously reported 2D valley materials, SL FeCl2 holds a spontaneous valley polarization which can reach up to 100 meV in the conduction band. Such a large valley polarization is sizeable enough to resist the annihilation of valley polarization caused by kinetic energy at room temperature. The underlying mechanism for the discrepancy between the valley polarizations of the conduction and valance bands is also revealed. In addition, the valley polarization in SL FeCl2 is robust against external strain, which is favorable for its applications in practical valleytronic devices.
It should be noted that these findings can be generalized to other 2D ferromagnetic materials with the following three ingredients: (1) its inversion symmetry should be broken; (2) its time reversal symmetry should be broken; (3) its CBM (VBM) should be located at the K points. Our results not only reveal the novel valley physics in SL FeCl2 but also provide a platform for practical spintronic and valleytronic applications.
Note added. We noticed one similar work on the prediction of 2H-FeCl2 monolayer as ferrovalley materials which was submitted to arXiv at almost the same time as ours 51 .
